Pharmaceutical Co., Ltd.) was injected into the base of front flippers as a medetomidine antagonist, 1 0 1 to allow the turtle to recover from sedation. Then, each turtle was maintained in the plastic container In addition to heart rate, depth, temperature, and 3-axis acceleration were simultaneously 1 0 5 recorded using a multi-channel data logger (ORI400-D3GT: 12 mm diameter, 45 mm length, 9 g in 1 0 6 air, memory capacity of 11.5 million data points; or W380-PD3GT: 21 mm diameter, 114 mm length, 1 0 7 59 g in air, memory capacity of 16 million data points; Little Leonardo Co.) placed on the carapace 1 0 8 using epoxy putty (Fig. 1) . It recorded depth and temperature at 1 s intervals and 3-axis accelerations 1 0 9 at 1/20 or 1/16 s intervals. The maximum range of the depth sensor was 400 or 380 m, with a 1 1 0 resolution of 0.1 m. The measurement range of the accelerometers was ± 3 or 4 g, with a resolution 1 1 1 of 0.00009 or 0.002 g. Acceleration data were separated into two components: the high frequency angle (Okuyama et al., 2012) . This frequency separation was conducted by filtering analysis (see Okuyama et al. [2012] for details). Moreover, acceleration data were used to calculate the amount of 1 1 6 activity performed by each turtle, which was given by overall dynamic body acceleration (ODBA; 1 1 7 Wilson et al., 2006) . ODBA was used as a proxy of the amount of activity and, consequently, 1 1 8 6 metabolic rate in sea turtles (Halsey et al., 2011; Okuyama et al., 2014) . ODBA was calculated from 1 1 9 the high frequency component of the 3-axis acceleration data. Furthermore, the number of breaths at 1 2 0 the surface after each dive was counted by the head-mounted acceleration data logger (G6a+; 1 2 1 dimensions: 40 mm × 28 mm × 17 mm, weight: 19 g in air; measurement range: ± 2 g with a 1 2 2 resolution of 0.002 g, Cefas Technology Limited, Suffolk, UK; Fig. 1 ). Head angle of sea turtles was breathing behavior (Okuyama et al., 2010) . Briefly, breathing behavior was defined as occurring Each turtle with the dataloggers was released into the tank and allowed to swim freely for 1 2 7 16.3-21.5 h. Temperature during the experiments ranged from 28.3-30.3°C (Table 1) . After the 1 2 8 experiments, the turtles were caught and immediately removed from the tank. Then, blood samples 1 2 9
were collected from the cervical vein using a syringe (1 ml, Nipro Co., Osaka, Japan) and a needle 1 3 0 (20-gage, Terumo Co., Tokyo, Japan). Partial pressures of oxygen and CO 2 , besides lactate level in 1 3 1 the venous blood, were measured using an i-STAT 1 Analyzer (Abbott Point of Care Inc., IL, USA) 1 3 2 to be used as indicators of whether the turtles engaged in anaerobic dives during the experiments. After blood sampling, all electrodes were removed, and the holes were filled with dental acrylic. The 1 3 4 turtles were maintained in the rearing tank while the recovery condition of the holes was observed. Two weeks after the experiments, the holes were completely closed, and the turtles were released 1 3 6 back into the sea. Heart rate was analyzed in two time-scales. One was HR dive , which was calculated by the 1 4 5 number of heartbeats during a dive divided by dive duration (min) to investigate the relationship of 1 4 6 heart rate between dives and post-dive surface duration. A dive was defined as the period when 1 4 7 turtles submerged deeper than 0.5 m and for longer than 30 s; the remaining period was regarded as 1 4 8 surface period. The other time-scale was HR min , which was calculated by the number of heartbeats per minute for the analysis of detailed cardiac response. However, when HRs min included the surface, 1 5 0 pre-surface ascend, and post-surface descend phases, such data were excluded from the analysis to 1 5 1 eliminate the effect of tachycardia at surface. Moreover, in some cases, the QRS complex was not 1 5 2 identified because of the noise (see the Results section). Therefore, the data of HRs min and HRs dive 1 5 3 including such noise were excluded from the analysis. To investigate resting heart rate, and also to understand the relationship between heart rate 1 5 5 and activity level, behavior was divided into two states every minute: resting state and active state. Resting state was defined as the behavior when dynamic acceleration, body angle, and depth were To determine the baseline of heart rate in green turtles, we analyzed the transition of resting HRs min , hour-dataset were excluded using the Smirnov-Grubbs test. The remaining non-outlier data were 1 6 7 analyzed to determine the significant difference in HRs min among hours after the release using 1 6 8 multiple comparison Tukey-Kramer test, based on the hypothesis that the baseline of resting heart 1 6 9 rate is maintained at a constant level with no significant difference among hours when the heart rate 1 7 0 is reduced. function was used to determine the factors affecting heart rate (HR min ). Mean ODBA during a minute, 1 7 3 body weight of turtles, and mean water temperature were treated as explanatory variables. Individual was treated as a random effect. To determine the effect of heart rate on dive duration, we also 1 7 5 investigated the factors regulating dive duration using a GLMM with a Gamma distribution and a 1 7 6 log link function. For this model, heart rate (HR dive ), mean ODBA, mean water temperature during 1 7 7 each dive, and body weight were treated as explanatory variables. We used the 'lme4' package in the 1 7 8 R v. 3.5.2 (R Development Core Team, 2018) software to run the GLMM analyses. A total of 113.8 h of depth, temperature, 3-axis acceleration, and ECG data were obtained from six 1 8 3 turtles ( Table 1) . Most of the ECG data showed a clear QRS complex, but waveform and amplitude 1 8 4 of the QRS peaks changed for each situation, presumably because the relative positions of the two 1 8 5 electrodes toward the heart slightly changed as a result of the active movements of the turtles (e.g., 1 8 6 swimming; Fig. 2 ). Therefore, in this study, only heart rate was used for the analysis. Furthermore, in 1 8 7 some cases, the QRS complex could not be distinguished because of the noise; these data were temperature from six turtles were used in this study (Table 2) . Moreover, 347 dive-datasets including 1 9 9
HRs dive , dive duration, mean ODBA, and mean water temperature, as well as post-dive surface data 2 0 0 (HRs surface , the number of breaths) were also used (Table 3) . Resting HR min was 10.9 ± 2.5 bpm on average (± s.d.) (Table 2 ). However, it was noteworthy that 2 0 4 resting HRs min was not constant even after it reduced; abnormal events of instant, extreme Active HRs min was 12.7 ± 2.1 bpm on average (± s.d.) ( Table 2 ). The GLMM analysis 2 0 8 showed the HRs min significantly increased with mean ODBA (Fig. 5 ), but had no significant 2 0 9 relationship with body size and water temperature (Table 4 ). Dive duration was 10.2 ± 2.2 min and 2.9 ± 1.0 min for resting and active dives, respectively. Clear 2 1 3 bradycardia was observed in all dives. Heart rate began to decrease immediately after the start of 1 0 submergence, and it increased concurrently with the start of ascending to surface (Fig. 4) . Thus, 2 1 5
HRs dive was always higher than HRs min , because it included such ascending and descending periods 2 1 6 in which heart rates elevated because of tachycardia during surface period. Resting HRs dive was 11.9 2 1 7 ± 2.8 bpm (Table 3) . Mean resting HRs surface was 38.4 ± 9.2 bpm and increased 2.2-4.1-fold from 2 1 8 resting HRs dive (Table 3) . Meanwhile, mean active HRs dive was 17.6 ± 4.6 bpm, and mean active 2 1 9
HRs surface was 32.7 ± 8.3 bpm (Table 3 ). Resting HRs surface was significantly higher than active
HRs surface (paired t-test, N = 6, t 5 = 3.0, P < 0.05). Number of breaths during post-dive surface 2 2 1 duration was 1.5 ± 0.5 in resting dives and 1.0 ± 0.1 in active dives (Table 3) . The GLMM analyses for all dive data, including those on before heart rate reduction, revealed that 2 2 5 dive duration was significantly affected by heart rate, mean ODBA, and body weight of turtles, but 2 2 6 not by water temperature (Table 4 ). The average (± s.d.) partial pressures of oxygen and CO 2 and 2 2 7 lactate level in the venous blood immediately after the experiments were 51.3 ± 9.2 mmHg, 66.3 ± 2 2 8 9.4 mmHg, and 1.0 ± 1.2 mmol L -1 , respectively. This study described the heart rate of green turtles in natural conditions, and the changes in this underwater and surface only briefly for gas exchange (Kooyman, 1989) . Therefore, bradycardia is a in voluntary dives, as performed in this study, is an essential approach to understand the diving 2 3 7 physiology of sea turtles. Our study demonstrated that the heart rate of green turtles was 1 1 considerably lower than those of leatherback turtles (Southwood et al., 1999) , and marine mammals 2 3 9 and birds (Butler and Jones, 1997) . On the other hand, the extent of tachycardia at surface in green 2 4 0 turtles was wider than that in other animals (e.g., leatherback turtles, 1.4-fold [Southwood et al., with lungs with oxygen stores while submerged. Furthermore, these findings provide essential 2 4 5 knowledge for understanding the green turtles' diving strategy as well as their diving physiology. General perspective of heart rate in green turtles 2 4 8
Heart rate reduction after the animals were released in the tank took 7-11 h. This indicates that the 2 4 9 turtles may have taken some time to reach their normal physiologically rates after release, even 2 5 0 though they were observed to have settled on the bottom of the tank. Heart rate is known to increase 2 5 1 in response to stress in turtles (Cabanac and Bernieri, 2000) and in many other taxa (Tarlow and rate may be overestimated because of heart rate elevation resulting from a stress condition. In this 2 5 8 study, duration of resting dives before heart rate reduction was shorter than that after heart rate reduction, which demonstrates that high heart rates make dive duration shorter even in resting states that during surface ventilation and during extreme tachycardia in resting state. This indicates that 2 7 0 turtles may maintain oxygen delivery to some extent during active swimming. This capability of 2 7 1 cardiac adjustment may enable turtles to maintain aerobic metabolism even during active dives. Previous laboratory studies reported that the mean resting heart rates for juvenile green 2 7 3 turtles was around 24 bpm (Butler et al., 1984; West et al., 1992) . In terms of scaling, no significant 28.0℃), the resting heart rate (f resting ) decreased with larger body weight (BW), which was expressed 2 7 8 by the following power equation using the least square regression (r 2 = 0.85, one-way ANOVA, F 1.7 = 2 7 9 81.0, P < 0.001. Fig. 6 ):
Similar physiological parameters such as metabolic rate (Wallace and Jones, 2008) and 2 8 2 aerobic dive limit (Hochscheid et al., 2007) were also reported to have a relationship with BW in sea surprisingly similar to those in mammals (-0.25; Stahl, 1967) and in birds (-0.23; Calder, 1968) .
Abnormal cardiac rhythm in resting states
3 0 1
Our study found that abnormal cardiac rhythms including extreme tachycardia generally occurred in 3 0 2 green turtles. Irregular cardiac rhythms were also reported in leatherbacks and green turtles 3 0 3 (Davenport, 1982 , Southwood et al., 1999 and in marine mammals (Williams et al., 2015) . In the This aspect may also be true for sea turtles. However, extreme tachycardia in resting states may also 3 0 7
indicate that turtles may adjust the oxygen stored in peripheral tissues (e.g., locomotory muscles), Many diving mammals and birds increase their heart rate towards the end of a dive in anticipation of ( Thompson and Fedak, 1993) . Our study demonstrated that green turtles also rapidly elevated their resting dives, and then replenish their oxygen content at surface by taking several breaths (Table 3) . Thus, faster tachycardia may indicate that green turtles make additional adjustment by cardiac 3 2 8 response to achieve rapid replenishment of oxygen store and removal of CO 2 , as well as increases 3 2 9
the breath events. As to active dives, meanwhile, green turtles do not deplete their oxygen stores, followed by only a few breaths for effective locomotion ( Wallace, B. P. and Jones, T. T. (2008) . What makes marine turtles go: a review of metabolic rates 4 0 8
and their consequences. J. Exp. Mar. Biol. Ecol. 356, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . the placement of three electrodes and leads on the plastron. 
